The insulin/IGF-1 pathway controls a number of physiological processes in the nematode worm Caenorhabditis elegans, including development, aging and stress response. We previously found that the Akt/PKB ortholog AKT-1 dampens the apoptotic response to genotoxic stress in the germline by negatively regulating the p53-like transcription factor CEP-1. Here, we report unexpected rearrangements to the insulin/IGF-1 pathway, whereby the insulin-like receptor DAF-2 and 3-phosphoinositidedependent protein kinase PDK-1 oppose AKT-1 to promote DNA damage-induced apoptosis. While DNA damage does not affect phosphorylation at the PDK-1 site Thr350/Thr308 of AKT-1, it increased phosphorylation at Ser517/Ser473. Although ablation of daf-2 or pdk-1 completely suppressed akt-1-dependent apoptosis, the transcriptional activation of CEP-1 was unaffected, suggesting that daf-2 and pdk-1 act independently or downstream of cep-1 and akt-1. Ablation of the akt-1 paralog akt-2 or the downstream target of the insulin/IGF-1 pathway daf-16 (a FOXO transcription factor) restored sensitivity to damage-induced apoptosis in daf-2 and pdk-1 mutants. In addition, daf-2 and pdk-1 mutants have reduced levels of phospho-MPK-1/ERK in their germ cells, indicating that the insulin/IGF-1 pathway promotes Ras signaling in the germline. Ablation of the Ras effector gla-3, a negative regulator of mpk-1, restored sensitivity to apoptosis in daf-2 mutants, suggesting that gla-3 acts downstream of daf-2. In addition, the hypersensitivity of let-60/Ras gain-of-function mutants to damage-induced apoptosis was suppressed to wild-type levels by ablation of daf-2. Thus, insulin/IGF-1 signaling selectively engages AKT-2/DAF-16 to promote DNA damage-induced germ cell apoptosis downstream of CEP-1 through the Ras pathway.
The response of cells to genotoxic stress requires integration of multiple pro-survival and pro-death signals. The growth factor-responsive kinase Akt, a target of phosphatidylinositol 3-kinase (PI3K) signaling, functions as a key node in this integration strategy. 1 By antagonizing pro-death pathways, Akt can effectively dampen pro-apoptotic signaling and ensure the survival of mammalian cells under stress. 2 Moreover, chemo-and radiotherapy has been shown to induce Akt activity, 3 which has a significant effect on resistance to therapy in Akt-expressing tumors. 4 Therefore, it is important to understand the mechanism(s) underlying the regulation of Akt in response to DNA damage, especially in light of the large number of cancers -including breast, colon, ovarian and prostate -that upregulate its oncogenic function. 1 During C. elegans larval development, the PI3K pathway, composed of the insulin/IGF-1 receptor tyrosine kinase (InsR) DAF-2, the PI3K AGE-1 and the 3-phosphoinositide-dependent protein kinase PDK-1, controls the redundant activities of AKT-1 and AKT-2 on the forkhead transcription factor DAF-16 ( Figure 1a ; 5, 6 ). Phosphorylation of DAF-16 by AKT-1/AKT-2 prevents the translocation of DAF-16 into the nucleus and the subsequent induction of genes required for dauer entry, 7 lifespan 8, 9 and stress response. 10 Although no distinct biological functions have been ascribed to AKT-1 and AKT-2, we previously showed that they regulate DNA damage-induced germ cell apoptosis from genetically separable pathways. 11 Whereas AKT-1 dampens the transcriptional activity of the p53 family member CEP-1, AKT-2 functions independently or downstream of CEP-1.
Here, we asked whether canonical signals upstream and downstream of AKT-1/AKT-2 regulate germline apoptosis in response to genotoxic stress. Unexpectedly, we observed complex regulation of germline apoptosis by the PI3K pathway independent of AKT-1 and the p53-like protein CEP-1. Rather than a positive acting cascade of signals through DAF-2-AGE-1-PDK-1 (Figure 1a) , we found that the DAF-2 receptor tyrosine kinase and PDK-1 promote, rather than inhibit, damage-induced germ cell apoptosis. We found that DAF-2 and PDK-1 promote germline apoptosis through AKT-2 and DAF-16. Furthermore, we present evidence that insulin/IGF-1 signaling promotes signaling through Ras to drive germ cell apoptosis in vivo.
Results
PI3K signaling promotes DNA damage-induced germ cell apoptosis. Since ablation of the C. elegans Akt homolog, akt-1, sensitizes worm germ cells to ionizing radiation (IR)-induced apoptosis, 11 loss-of-function (lf) mutations in daf-2/InsR, age-1/PI3K and pdk-1/PDPK1 should exhibit hypersensitivity to DNA damage-induced germ cell apoptosis. To examine this directly, we grew daf-2(e1370) lf mutant larvae to the L4 stage at the permissive temperature (151C), exposed the worms to IR and then inactivated daf-2 by temperature-shift to 251C. After 24 h at the restrictive temperature, we quantified the number of apoptotic germ cells that formed. Surprisingly, damage-induced apoptosis was strongly suppressed in the germline of daf-2(lf) mutants when compared with wild-type ( Figure 1b ). Because this contradicted the weak anti-apoptotic role previously reported for daf-2 in the worm germline, 12, 13 we examined two additional alleles of daf-2 ( Figure 1b ) and ablated daf-2 by RNA interference (RNAi) (see below). Even though the e1370, e1391 and m596 alleles affect distinct regions of the daf-2 locus, 14 all three mutations caused strong resistance to apoptosis. We also quantified IR-induced apoptosis in daf-2(e1370) mutants grown at 201C, where only 15% of larva form dauers, and found that resistance to DNA damage was preserved (see Figure 4b ) but not at the permissive temperature of 151C (not shown). We conclude that daf-2 is required to promote damage-induced germline apoptosis independent of its function in dauer development.
The unexpected pro-apoptotic role for daf-2 in the germline prompted us to examine whether other components of the PI3K pathway were also required for IR-induced apoptosis. Loss of age-1/PI3K and pdk-1/PDPK1 also caused strong resistance to apoptosis (Figure 1c and data not shown) and a kinase-independent gain-of-function (gf) mutation in pdk-1 5 caused hypersensitivity to DNA damage-induced germ cell apoptosis (Figure 1c) . None of the insulin/PI3K pathway mutants had detectable changes in somatic cell apoptosis in developing embryos (data not shown).
Because it was possible that defects in germline proliferation could account for the resistance to apoptosis observed in daf-2, age-1 and pdk-1(lf) mutants, we quantified germ cell numbers in these mutants. Under conditions identical to those used in our apoptosis assays, we detected a maximum 20% decrease in germ cell number in daf-2(lf) and pdk-1(lf) mutants and no change in pdk-1(gf) mutants compared with wild-type controls (Supplementary Table S1 ). The subtle decrease in germ cell numbers is insufficient to account for the B80% reduction in damage-induced apoptosis in daf-2 and pdk-1(lf) mutants (Figure 1 ). Although age-1 mutants were also resistant to damage-induced apoptosis, we noticed strong proliferation defects in the germlines of age-1(mg44) null mutants (data not shown) and therefore excluded this gene from further analysis.
To determine if daf-2 and pdk-1 were also required for physiological germline apoptosis, we ablated these genes in ced-1(e1735) mutants, which are defective in the engulfment of cell corpses and therefore increase the sensitivity of detecting subtle changes in apoptosis. 15 The number of physiological germ cell corpses in ced-1 mutants was essentially unchanged when either daf-2 was ablated by RNAi or pdk-1 function reduced by the sa709 allele (Supplementary Figure S1) . Therefore, we conclude that daf-2 and pdk-1 function specifically to promote DNA damage-induced apoptosis in the worm germline.
daf-2/InsR and pdk-1/PDPK1 function independently of cep-1/p53 and akt-1/Akt. The antagonistic roles daf-2/pdk-1 and akt-1 in germ cell apoptosis caused us to question the organization of the worm PI3K pathway in the context of DNA damage. If the pathway were linear in structure, as in the control of dauer arrest (Figure 1a) , then null mutations in akt-1 should be able to restore sensitivity of daf-2(lf) and pdk-1(lf) mutants to apoptosis. Because the somatic defects of daf-2; akt-1 compound mutants made quantifying germ cell apoptosis difficult, we instead inhibited daf-2 using RNAi in akt-1(ok525) null mutants. Surprisingly, loss of akt-1 was unable to revert the resistance of daf-2(RNAi) germ cells to IR-induced apoptosis (Figure 2a ). This suggested that daf-2 functioned either downstream or independently, but not upstream of, akt-1 in response to DNA damage. Because this result contradicted contemporary models of PI3K signaling, 1 we next asked if ablation of akt-1 could restore sensitivity to apoptosis in pdk-1(lf) mutants. Strikingly, akt-1(0); pdk-1(lf) double mutant worms were as resistant to IR-induced germ cell apoptosis as pdk-1(lf) mutants (Figure 2b ). elegans PI3K signaling components, daf-2 and pdk-1, are required for damage-induced apoptosis. L4-stage worms were treated with IR and shifted to 251C. Germ cell apoptosis was quantified 24 h later. pdk-1(0) ¼ pdk-1(sa680), pdk-1(lf) ¼ pdk-1(sa709), pdk-1(gf) ¼ pdk-1 (mg142). Error bars represent the S.E.M. from at least three independent experiments. At least ten animals were examined in each experiment
As loss of pdk-1 fully suppressed damage-induced germ cell apoptosis in akt-1(0) mutants, it is likely that pdk-1 (like daf-2) functions downstream or independently of akt-1 in the DNA damage response. This was supported by the lack of a checkpoint phenotype for daf-2 and pdk-1. In the C. elegans germline, the 9-1-1 checkpoint (encoded by hpr-9, mrt-2 and hus-1) and clk-2, sense and relay DNA damage signals to cep-1. [16] [17] [18] These sensors are required to promote apoptosis of germ cells in the pachytene region by activating CEP-1 and elicit a transient cell cycle arrest of mitotically proliferating cells in the distal region of the gonad in response to genotoxic stress. 19 We observed a robust cell cycle arrest in the distal mitotic zone of daf-2 and pdk-1 mutant germlines treated with IR that was identical to wild-type controls (data not shown). Therefore, we conclude that daf-2 and pdk-1 do not function as DNA damage sensors upstream of akt-1.
Downstream of the DNA damage checkpoint, AKT-1 negatively regulates the transcriptional activity of CEP-1, which activates expression of the BH3-only protein EGL-1. 18 We reasoned that if daf-2 and pdk-1 functioned downstream of akt-1, but upstream of cep-1, their loss should impede the transcriptional function of CEP-1. To test this directly, we treated multiple alleles of daf-2 and pdk-1 with IR and assessed CEP-1 transcriptional activity by quantification of egl-1 mRNA. While DNA damage caused egl-1 transcript levels to increase approximately fivefold over unirradiated wild-type worms, egl-1 was induced to the same levels in daf-2(e1370) mutants and approximately twice this level in daf-2(m596) mutants (Figure 2c ). In addition, egl-1 induction in pdk-1(sa680), pdk-1(sa709) and pdk-1(mg142) mutants was not substantially different than in wild-type controls (Figure 2c ). These results indicate that daf-2 and pdk-1 act downstream or independent of cep-1 and akt-1 to promote damage-induced germ cell apoptosis.
Despite pdk-1 not being required for CEP-1 transcriptional function (Figure 2c ), we wondered whether functional cep-1 was required for pdk-1 to kill damaged germ cells. To address this, we generated cep-1(gk138); pdk-1(mg142) double mutants and assessed their response to IR. If the pdk-1 (mg142) gf allele can promote apoptosis independently or downstream of cep-1, we would predict to observe increased apoptosis in cep-1(lf), pdk-1(gf) double mutants relative to cep-1(lf). Surprisingly, germ cell apoptosis in cep-1(lf); pdk-1 (gf) double mutants was suppressed to the levels seen in cep-1(lf) single mutants (Figure 2d ). Consistent with this, egl-1 is also required for pdk-1 to promote/enhance apoptosis, as egl-1(lf); pdk-1(gf) double mutants have similar numbers of corpses as egl-1(lf) single mutants treated with IR ( Figure 2d) . Thus, pdk-1 modulates the magnitude of apoptosis signaling independently or downstream of cep-1/egl-1.
AKT-1/Akt phosphorylation is not affected by DNA damage. Through canonical PI3K signaling the activity of Akt proteins is tightly controlled by phosphorylation on two key residues -Thr308 and Ser473 in human Akt1. 20 These phosphorylation events, mediated by PDPK1 at Thr308 and 
(c) L4 stage worms were treated with IR, incubated at 251C for 24 h and total RNA was isolated. egl-1 transcript was quantified by Real-Time PCR using tbg-1 as an internal standard.
stage worms were treated with IR and germ cell apoptosis was quantified after 24 h at 251C.
Error bars as in Figure 1 . *Po0.001 versus wild-type TORC2 (mammalian target of rapamycin complex 2) at Ser473, 21 ensure optimal catalytic activity of the kinase. 20 To investigate the phosphorylation state of AKT-1 we raised two mono-specific polyclonal antisera against different regions of AKT-1 (Supplementary Figure S2) , immunoprecipitated endogenous protein from worm lysates and probed blots with phospho-specific antibodies to T350 (homologous to T308) and S517 (homologous to S473) previously generated. 22 In the absence of IR both T350 and S517 were phosphorylated, consistent with tonic insulin/IGF-1 signaling under normal growth conditions. Consistent with our genetic data suggesting noncanonical regulation of AKT-1, radiation did not dramatically alter the phosphorylation state of T350/ T308 in the wild-type compared to the unirradiated controls ( Figure 3a) . Interestingly, there was a doubling in the levels of S517 phosphorylation in wild-type animals treated with IR, suggesting that AKT-1 might be regulated at this site in response to DNA damage ( Figure 3b ). In pdk-1(lf) worms, only a modest reduction in T350 phosphorylation was observed ( Figure 3a ). Since we did not observe a robust upregulation in T350 phosphorylation after IR in pdk-1(gf) mutants, it is unlikely that PDK-1 functions to control AKT-1 phosphorylation in response to DNA damage ( Figure 3b ). Loss of pdk-1 did however result in a significant (B 3-fold) upregulation of AKT-1 at S517 in the absence of irradiation (Figures 3a and b) . This likely reflects conservation of a negative feedback loop centered on TORC1 inhibition of PI3K. 23 Loss of daf-2 completely abrogated AKT-1 T350 and S517 phosphorylation (Figure 3 ), indicating that daf-2 is essential for basal AKT-1 phosphorylation and that DAF-2 might also promote basal AKT-1 phosphorylation independently of PDK-1.
daf-2/InsR and pdk-1/PDPK1 promote germ cell apoptosis through the core cell death pathway. The ability of CEP-1 to drive egl-1 transcription in the absence of either daf-2 or pdk-1, combined with the inability of akt-1(0) mutations to restore apoptosis in daf-2 and pdk-1 mutants, suggested that daf-2 and pdk-1 could function in the same cep-1-independent pro-apoptotic pathway. If this were true, then pdk-1(gf) mutations should be able to revert the resistance of daf-2(lf) mutants to DNA damage. As shown in Figure 4a , increased PDK-1 activity could not revert the resistance of daf-2(e1370) mutants to DNA damage, consistent with previous work showing that the mg142 allele does not suppress daf-2(e1370) in the dauer pathway. 5 To further investigate how daf-2 and pdk-1 regulated apoptosis, we examined their genetic interactions with components of the core apoptosis pathway. Downstream of egl-1, CED-9/Bcl2 negatively regulates CED-4/Apaf1-dependent CED-3/Caspase activation. 24 To determine where daf-2 and pdk-1 functioned with respect to ced-9, we assessed whether loss of either daf-2 or pdk-1 could suppress the excessive germ cell apoptosis seen in ced-9 null mutants. Informatively, loss of daf-2 did not alter the levels of germ cell apoptosis in ced-9(n2812) null mutants, whereas loss of pdk-1 reduced apoptosis to wild-type levels in ced-9(0) (Figures 4b and c). As loss of daf-2 or pdk-1 had identical effects on germline proliferation (Supplementary Table S1 ), these results suggested that daf-2 functions upstream, or independently of ced-9, while pdk-1 might also contribute proapoptotic signals in parallel to ced-9. Immunostaining of dissected germlines did not reveal any detectable differences in levels or localization of endogenous CED-9 protein in daf-2 mutants compared with wild-type controls (Supplementary Figure S3) . Furthermore, pdk-1 does not function solely downstream of ced-9 in the apoptotic cascade, as pdk-1(lf) could not revert the sterility of maternally rescued ced-9(0) homozygotes (Supplementary Table S2 ). On the other hand, the ced-4(n1162) null mutation was able to completely suppress the hypersensitivity of pdk-1(gf) mutant germ cells to IR (Figure 4d ), suggesting that pdk-1 controls apoptosis upstream of ced-4. pdk-1 does not appear to regulate the localization of CED-4, as we did not detect any changes in the germline localization of CED-4 in response to IR in wild-type animals nor in pdk-1 mutants (Supplementary Figure S4A) . We also did not detect any changes in absolute CED-4 protein levels in either genetic background (Supplementary Figure  S4B) . This suggested that defects in CED-4 localization or protein levels do not underlie the alterations of apoptosis in pdk-1 mutants.
The histone deacetylase SIR-2.1 has been shown to change localization in response to DNA damage and it has been suggested that SIR-2.1 regulates CED-4 localization to promote DNA damage-induced germ cell apoptosis. 25 Therefore, we assessed whether alterations in pdk-1 function affected the localization of SIR-2.1 in response to DNA Figure 3 AKT-1 is regulated independently of Thr350 phosphorylation. (a) Worms were irradiated and AKT-1 was immunoprecipitated as described in Materials and Methods. All samples were run on the same gel, transferred to PVDF and probed for phospho-T350, S517 and total AKT-1.
The intensity of T350 and S517 in each lane was quantified using ImageJ and normalized to total AKT-1. The normalized intensity of each band was expressed relative to wild-type unirradiated. Data represent the average of two experiments damage. SIR-2.1 was reduced in the nuclei of dying cells of all genotypes tested and its localization in non-dying cells was unaffected by pdk-1 (Supplementary Figure S4C) . Because excessive apoptosis in pdk-1(gf) mutants is not due to delayed or defective clearance of dying cells (Supplementary Table  S3 ), we conclude that pdk-1 requires the core apoptotic pathway to promote apoptosis but likely functions independently of sir-2.1. In addition, pdk-1 may have daf-2-independent functions that regulate ced-4 by a novel mechanism.
daf-2/InsR and pdk-1/PDPK1 promote apoptotic signals through akt-2 and daf-16. Previously, we showed that while both akt-1 and akt-2 negatively regulate IR-induced germline apoptosis, akt-2, unlike akt-1, functions downstream of CEP-1.
11 As daf-2(lf) mutants are resistant to damage-induced germline apoptosis but activate CEP-1 transcription of egl-1 in response to IR (Figure 2c ), we next asked if DAF-2 transmits pro-apoptotic signals selectively through AKT-2. In contrast with daf-2(lf); akt-1(lf) double mutants (Figure 2a) , we observed that ablation of akt-2 using the ok393 deletion allele in daf-2(lf) worms restored germline apoptosis to nearly wild-type levels after treatment with IR ( Figure 5a ). Because sensitivity to apoptosis was not restored to the same levels as that observed in akt-2(0) single mutants, we conclude that daf-2 transmits apoptotic signals through akt-2 and possibly through a parallel pathway that does not require akt-1.
As the best characterized downstream target of the insulin signaling pathway in C. elegans is the forkhead transcription factor DAF-16, we next asked whether ablation of daf-16 could restore apoptosis sensitivity to daf-2(lf) mutants. Similar to daf-2(lf); akt-2(0) double mutants, sensitivity to apoptosis was restored when daf-16 was ablated by RNAi in daf-2(lf) mutants (Figure 5a ). We observed the same effect in daf-2(lf); daf-16(mgDf47) double mutants (data not shown). The restoration of apoptosis in daf-2(lf) mutants by loss of daf-16 was not due to hyperproliferation of the germline, as the double mutants had similar numbers of germ cells as wild-type animals (Supplementary Table S1 ). Finally, we created a triple mutant in which akt-2 and daf-16 were ablated with daf-2 and observed similar levels of apoptosis as daf-2; akt-2 or daf-2; daf-16 double mutants, providing genetic evidence that akt-2 regulates daf-2-dependent apoptosis through daf-16 ( Figure 5a ). In addition, resistance to apoptosis in pdk-1(sa709) mutants was restored to wild-type levels by ablation of akt-2 or daf-16 (Figures 5b and c) , suggesting that the insulin/IGF-1 pathway selectively recruits AKT-2 to transduce pro-apoptotic signals from DAF-2. Interestingly, the serum and glucocorticoid kinase SGK-1 completely suppresses PDK-1-dependent damage-induced germline apoptosis, but unlike DAF-2 does not act through DAF-16 (Figure 5d ).
daf-2/InsR promotes DNA damage-induced germline apoptosis through Ras/MAPK signaling. The Ras Figure 4 daf-2 and pdk-1 independently regulate the core apoptosis pathway. L4 stage (a, c, d) or young adult (b) worms were irradiated and germ cell apoptosis was quantified after 24 h at 201C (b and c), or 251C (a and d). Owing to the somatic effects of daf-2 and pdk-1 loss on the visibility of the germline in daf-2ced-9 and ced-9; pdk-1 double mutants, we found it necessary to perform these two epistasis experiments at slightly different developmental time points (48 h post-L4 in the case of daf-2ced-9 and 24 h post-L4 for ced-9; pdk-1). As worms age from L4 to young adult, the germline continues to expand in size and this is reflected by a small increase in basal levels of apoptosis. Therefore, the absolute levels of apoptosis seen in ced-9(0) mutants in the daf-2ced-9 experiment is greater than that seen in the ced-9; pdk-1 experiment. This should not alter our interpretation of epistasis, however, as loss of pdk-1 exerts an B1.3-fold greater suppressive effect on ced-9(0) than does loss of daf-2. daf-2(lf) ¼ daf-2 (e1370), ced-9(0) ¼ ced-9(n2812), ced-4(0) ¼ ced-4(n1162). Error bars as in Figure 1 signaling pathway is required for germ cells to exit the pachytene stage of meiosis I, 26 which makes them competent to undergo physiological apoptosis. 27 The Ras/MAP kinase pathway also promotes DNA damage-induced germ cell apoptosis by cep-1-dependent and cep-1-independent mechanisms. 28, 29 Given that insulin/IGF-1 has been shown to promote Ras/MAPK signaling in C. elegans vulval development and lifespan, 30, 31 we wondered if they also cooperate in promoting germline apoptosis. Using antibodies to phosphorylated ERK, which has been shown to crossreact with phospho-MPK-1 in C. elegans, 29 we stained germlines isolated from wild-type, daf-2(lf) and pdk-1(lf) mutants treated with IR ( Figure 6 ). We confirmed the pattern of phospho-MPK-1 staining previously reported in germlines before and after IR treatment, 29 but observed a substantial reduction in daf-2(lf) mutants compared with wild-type controls before and after IR (Figures 6c and d) . We also observed a reduction in staining of pdk-1(lf) mutant germlines after IR, but this was not as pronounced as daf-2(lf) mutants (Figures 6e and f) . To confirm that pdk-1 does indeed function upstream of mpk-1, we inhibited mpk-1 by RNAi in pdk-1(gf) mutants and found that loss of mpk-1 was able to completely suppress the hypersensitivity to apoptosis seen in pdk-1(gf) single mutants (Figure 6i ). These results indicate that insulin/IGF-1 signaling promotes phosphorylation of MPK-1 in the germline.
To determine if Ras/MAPK signaling could restore sensitivity to apoptosis in the absence of daf-2, we used the Ras gf allele, let-60(ga89), previously shown to cause hypersensitivity to IR-induced germline apoptosis. 29 Ablation of daf-2 in let-60(ga89) mutants reduced germline apoptosis to similar levels as wild-type after IR (Figure 6j ). This suggested that Figure 5 daf-2 promotes damage-induced germ cell apoptosis via akt-2 and daf-16. (a-d) L4 stage worms were transferred to fresh RNAi plates, treated with IR and germ cell apoptosis quantified after 24 h at 201C. akt-2(0) ¼ akt-2(ok393), daf-2(lf) ¼ daf-2(e1370), daf-16(0) ¼ daf-16(mgDf47), pdk-1(lf) ¼ pdk-1(sa709). Because the kinetics underlying apoptosis are increased at higher temperatures, the number of apoptotic cells observed in assays conducted at 201C is lower than that seen at 251C (see Figure 1) . This reflects the temperature-dependent effects on the apoptotic process itself; the relative difference between genotypes is usually independent of this. Control RNAi experiments were carried out in wild-type (N2) animals DAF-2 is required to promote or sustain amplified Ras signaling but is dispensable for basal Ras signaling. Consistent with the insulin/IGF-1 pathway promoting activated Ras/MAPK signaling, we found that ablation of daf-2 by RNAi suppressed the multivulva phenotype of let-60(n1024) gf mutants from 75 to 7% (data not shown), in agreement with previous observations. 30 We also examined germline apoptosis in gla-3(op312) mutants, which are hypersensitive to IR-induced germ cell apoptosis through activation of MPK-1.
28
While daf-2(RNAi) completely suppressed IR-induced apoptosis, we observed similar levels of apoptosis when daf-2 was ablated in the gla-3 mutants compared with gla-3 controls (Figure 6j) . Thus, we concluded that insulin/IGF-1 signaling promotes germline apoptosis through Ras/MAPK signaling, upstream of gla-3.
Distinct tissue expression requirements underlie damage-dependent re-arrangements in the PI3K pathway. Because daf-2 is known to regulate both dauer arrest 32 and aging non-autonomously, 33 we were interested in knowing whether the genetic independence of daf-2 and akt-1 could be explained by different tissue requirements. Mutations in rrf-1 and ppw-1 selectively disable RNAi in the soma or the germline, respectively, 34,35 but do not affect damage-induced apoptosis ( Figure 7) . 36 akt-1(RNAi) caused hypersensitivity to damage-induced apoptosis, and this effect was preserved in rrf-1(0) mutants, which are only competent for germline RNAi (Figure 7a) . Conversely, akt-1(RNAi) did not sensitize ppw-1(lf) mutant germ cells to DNA damage (Figure 7a ). We also took advantage of an extrachromosomal array that expressed akt-1 in a tissue-specific manner and found that expression of akt-1 in the soma of akt-1(0) mutants was unable to revert sensitivity to DNA damage-induced apoptosis (Figure 7c) . We conclude that akt-1 is required cell autonomously in the germline to regulate cell death.
Unlike akt-1, we found that daf-2(RNAi) could not suppress apoptosis in either rrf-1 or ppw-1 mutants (Figure 7b ), suggesting that daf-2 is required in both the soma and Figure 6 daf-2 and pdk-1 promote germline apoptosis through Ras/MAPK signaling. (a-f) Phospho-MPK-1 and DAPI staining in germlines of the indicated genotype before and after irradiation. (g-h) mpk-1(RNAi) negative controls in the absence and presence of IR. (i) Loss of mpk-1 in pdk-1(mg142) mutants suppresses excessive apoptosis. (j) Ablation of daf-2 by RNAi suppresses IR-induced germ cell apoptosis to wild-type levels in let-60(ga89) gf mutants, but does not suppress apoptosis in gla-3(op216) mutants. Worms were irradiated as in Figure 1 and incubated at 201C for 24 h. Error bars as in Figure 1 germline to promote damage-induced germ cell apoptosis. Our tissue-specific RNAi experiments predict that when daf-2 is expressed strictly in the soma it should not be able to rescue the resistance to apoptosis of daf-2(lf) mutants. This was indeed true when we expressed daf-2( þ ) from either the panneuronal F25B3.3 promoter 37 or the muscle-specific myo-3 promoter (Figure 7d ). The tissue-specific requirements for daf-2 and akt-1 are consistent with our data placing daf-2 and akt-1 in independent genetic pathways and suggest that the alterations in the PI3K pathway could reflect functional compartmentalization that ensures context-specific PI3K pathway output.
Discussion
The PI3K-Akt signaling pathway generates a strong antiapoptotic signal across phylogeny. 1 We have previously shown that C. elegans AKT-1 transmits an anti-apoptotic signal by negatively regulating the p53-like transcription factor CEP-1. 11 In this study, we sought to understand whether the worm insulin-IGF-1 pathway, like its mammalian counterpart, was important in regulating DNA damage-dependent AKT-1 function. Surprisingly, we found that components of the worm PI3K pathway upstream of akt-1 opposed its anti-apoptotic function. While DAF-2 and PDK-1 normally activate the redundant functions of AKT-1 and AKT-2 to prevent worms from entering the dauer stage of development, we find that DAF-2 and PDK-1 selectively engage AKT-2, DAF-16/FOXO and the Ras/MAPK pathway to promote apoptosis of damaged germ cells. Our results also suggest the existence of AKT-2/DAF-16-independent apoptotic outputs downstream of DAF-2, revealing noncanonical fragmentation of the PI3K signaling axis and cross-talk with Ras signaling. Fragmentation of PI3K signaling could reflect the worm's ability to maximize flexibility of a single pathway for different biological functions. Thus, a simple signaling pathway can become far more robust than initially predicted, and previous studies had hinted at such functional flexibility in the PI3K pathway. For example, the pdk-1-akt-1 cassette is conditionally split in the regulation of lifespan, but not dauer arrest in the worm, 38, 39 and studies in mouse have found that separation of Akt and PDPK1 function occurs in different tissues of the central nervous system. 40 Our previous study hinted at distinct roles for AKT-1 and AKT-2 in the control of germline apoptosis that we have advanced into a mechanistic framework here. While AKT-1 modulates CEP-1 transcriptional activity, we show that the CEP-1-independent apoptotic activity of AKT-2 acts through the canonical PI3K pathway and its downstream target DAF-16. In C. elegans dauer development and lifespan control akt-1 and akt-2 function redundantly, 6 ,41 but we have 
, a high-copy array that expresses daf-2 in the nervous system; hpEx[P myo-3 daf-2( þ )] ¼ hpEx791, a high-copy array that expresses daf-2 in muscle. Error bars are as in Figure 1 uncovered a novel role for AKT-2 in the regulation of DNA damage-induced germline apoptosis. Unlike the canonical PI3K pathway, where the AKT-1/2 kinases are activated by the upstream InsR-PI3K-PDPK1 module, our results indicate that these upstream components inhibit AKT-2 in response to genotoxic stress. Alternative PI3K pathway signaling also extends to disease processes such as cancer where, in the background of activated PI3K mutations, PDPK1-based signaling is directed away from Akt and instead target serum and glucocorticoid-inducible kinase 3 (SGK3) to drive proliferation and anchorage-independent cell growth. 42 Interestingly, we found that the C. elegans SGK homolog SGK-1, like DAF-2 and PDK-1, is required to promote damageinduced germ cell apoptosis, but through a DAF-16-independent mechanism (Figure 5d ). Our work also provides important confirmation that parallel pathways collaborate to drive cell death in the worm germline. The inability of pdk-1 to function without cep-1 (Figure 2d) suggests that other cep-1-independent regulators -for example, sir-2.1 and kri-1 -could function in a pro-apoptotic network rather than a linear pro-death pathway. 25, 36 This prompts a re-evaluation of the organization of pro-apoptotic signaling pathways and necessitates our consideration that conserved pathways could function in parallel to p53 to promote cell death in mammals. This may have implications in understanding why cancers contain multiple mutations in pro-death signaling pathways.
Because our genetic data argue for a novel manner of PI3K signaling in response to DNA damage (Figure 8) , we suggest that AKT-1 activity in the germline is controlled independently of T350/T308 phosphorylation. It is possible that phosphorylation at S517/S473 could be more important for AKT-1 function in response to IR, as levels of this modification nearly doubled after IR in the wild type (Figure 3b ). This is consistent with previous studies showing that S473 phosphorylation is important for the anti-apoptotic function of mammalian Akt. 43 As TORC2 is known to phosphorylate human Akt at S473, 21 it will be important to determine if worm TORC2 is responsible for the anti-apoptotic function of AKT-1. It is also possible that damage-specific regulation of AKT-1 could involve phosphorylation at other residues. Finally, damage-specific binding partners could facilitate proper function of AKT-1 in the absence of altered phosphorylation at the T350 and S517 sites.
Noncanonical PI3K signaling in the context of DNA damage, where daf-2 and pdk-1 function independently of akt-1, is not likely peculiar to C. elegans, as a recent study showed parallel signaling from the insulin and IGF-1 receptors (homologs of DAF-2) is required for apoptosis of preadipocytes upon serum withdrawal. 44 This suggests that the pro-apoptotic function of the insulin receptor family is conserved from worms to humans, and our results may have applicability in combating Akt-dependent cancers. Although PDK-1 bypasses AKT-1 in response to IR, it is unclear how PDK-1 regulates CED-4 in the germline. Because we could not detect any alteration in CED-4 nor SIR-2.1 protein localization or levels in the wild-type or in pdk-1 mutants in response to IR (Supplementary Figure S4) , it is possible that PDK-1 controls CED-4 by a less obvious mechanism. Future experiments are necessary to determine if such a model explains the role of pdk-1 in C. elegans germline apoptosis.
Importantly, we demonstrate cross-talk between the PI3K and Ras signaling pathways in promoting damage-induced apoptosis. It has been suggested that Ras signaling is required for establishing competence of the germline to undergo apoptosis. 29 We suggest an alternative model in which noncanonical insulin/IGF-1 signaling selectively inhibits AKT-2/DAF-16 to amplify Ras signals above a threshold. It is unlikely that insulin/IGF-1 signaling is required for normal Ras signaling, as complete inhibition of the Ras pathway causes sterility by arresting germ cells at the pachytene stage of meiosis I. 26 We propose that reduced levels of phosphorylated MPK-1 in the germ cells of daf-2 and pdk-1 mutants is below the threshold required for amplifying oncogenic Ras signaling but not low enough to cause sterility. This is supported by the fact that the daf-2 and pdk-1 mutants are competent to complete meiosis and remain fertile at temperatures that prevent their germ cells from undergoing damage-induced apoptosis. In addition, ablation of daf-2 reduced the somatic consequences of hyperactivated Ras by suppressing the multivulva phenotype of let-60(gf) mutants, but did not prevent formation of a single functional vulva in these animals (data not shown). Therefore, we propose a model in which noncanonical insulin/IGF-1 signaling is required to sustain hyperactivated Ras signaling (Figure 8 ). Understanding the molecular mechanisms by which these oncogenic pathways communicate should help identify more selective therapies for targeting cancers in which Ras and PI3K signaling cooperate to drive transformation and tumorigenesis. 
Materials and Methods
Caenorhabditis elegans genetics. Worms were maintained on NGM (nematode growth medium) plates seeded with E. coli OP50. Double mutants were constructed according to standard protocols. Alleles used in this study included: Linkage Group I -ced-1(e1735), cep-1(gk138), gla-3(op312), ppw-1(pk1425), rrf-1(pk1417); Linkage Group II -age-1(ag12), age-1(hx546), age-1(mg44), rrf-3(pk1426); Linkage Group III -ced-4(n1162), ced-4(n2273), ced-9(n2812), daf-2(e1370), daf-2(e1391), daf-2(m596); daf-2(e1370) hpEx792, daf-2(e1370) hpEx791; Linkage Group IV -let-60(ga89), let-60(n1046); Linkage Group V -akt-1(ok525), akt-1(ok525); byEx[akt-1::GFP], egl-1(n1084n3082); Linkage Group X -akt-2(ok393), pdk-1(mg142), pdk-1(sa680), pdk-1(sa709).
Quantification of germ cell apoptosis. Worms were picked at the L4 stage, aged the desired amount and then subjected to IR from a 137 Cs source. After irradiation, all worms were incubated for fixed time/temperature intervals until analysis. For example, we analyzed temperature-sensitive alleles of daf-2 and pdk-1 for apoptosis sensitivity at the semi-restrictive temperature of 201C, the restrictive temperature of 251C and the permissive temperature of 161C as indicated in the figure legends. To observe apoptotic cells, worms were mounted on 3-4% agarose pads on glass slides overlaid with a coverslip. 20 mM final concentration of L-tetramisole in M9 buffer was included to paralyze body wall muscles and one germline arm in each animal was observed on a Leica (Wetzlar, Germany) DMRA2 system using standard Differential Interference Contrast optics. Apoptotic cells were distinguished by their characteristic raised and highly refractile morphology. To confirm the apoptotic nature of cells, they were stained with acridine orange, a DNA-binding dye that shows preference for dying cells 45 as described.
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Statistical analyses. Statistical significance was determined in Microsoft Excel using a one-or two-sided Student's t-test, assuming equal variance.
RNA interference. Worms were fed RNAi from the L1 stage according to the method of Kamath et al. 46 Bacterial cultures expressing double-stranded RNA targeting the gene of interest were drawn from the Ahringer library, 47 unless otherwise noted. Control RNAi was drawn from clone Y95B8A_84.g, which targets a non-expressed gene. 48 The daf-2 RNAi clone targeting exon 14 was generated as described. 49 Quantification of CEP-1/p53 activity. Induction of egl-1 following irradiation was quantified as described. 11 Data are plotted relative to the wild-type unirradiated control.
Generation of AKT-1 antibodies. Two goat mono-specific polyclonal antisera against C. elegans AKT-1 (128 and 527) were generated by Bethyl Laboratories (Montgomery, TX, USA). Peptide antigens corresponded to residues 128-145 (QEELMETNQQPKIDEDSE), which is part of the linker region between the pleckstrin homology and kinase domains of AKT-1, and residues 527-541 (RIHEASEDNEDYDMG), which represents the C terminus of the protein.
Immunoprecipitation and western blotting. Worms of the indicated genotype were synchronized by hypochlorite treatment and grown at 151C to the L4 stage as described for apoptosis assays. Worms were then irradiated with the indicated dose of IR and incubated for 24 h at 201C. After washing worms from plates with phosphate-buffered saline (PBS), the pellets were washed once more with PBS and then quickly snap frozen in liquid nitrogen. Approximately 500 ml of Lysis buffer (25 mM Tris (pH 7.4), 1% v/v Triton X-100, 10% v/v glycerol, 150 mM NaCl, 25 mM b-glycerophosphoate, 2 mM phenylmethanesulfonylfluoride) supplemented with Phosphatase Inhibitor Cocktails I and II (Sigma, Oakville, ON, Canada) and Protease Inhibitor Cocktail (Roche, Mississauga, ON, Canada) was added to the worm pellet and sonicated with a Misonix (Farmingdale, NY, USA) 3000 sonicator (power output of 4 for 10 seconds each with B1 min rest between pulses until the worms were completely lysed). The lysates were then clarified by centrifugation at 13 000 r.p.m. for 10 min at 41C and the protein content was estimated by Quick Bradford (Pierce, Rockford, IL, USA). A mixture of approximately 2.5 mg each of the two AKT-1 128 and 527 antibodies was used to immunoprecipitate AKT-1 from 0.6-1 mg of total protein (equal amounts of total protein were used in a given experiment) and antigen-antibody complexes were allowed to form overnight at 41C with rotation. The antigen-antibody complex was subsequently captured with 50 ml of protein-G agarose beads (Upstate, Billerica, MA, USA) for 2 h at 41C with rotation. Immune complexes bound to beads were washed three times with Lysis buffer supplemented with phosphatase and protease inhibitors and finally boiled in Laemmli sample buffer (0.0625 M Tris (pH 6.8), 2% w/v SDS, 10% v/v glycerol, 5% v/v 2-mercaptoethanol, 0.002% w/v bromophenol blue). Immunoprecipitated proteins were separated by SDS-PAGE on a 10% resolving gel, transferred to polyvinylidene fluoride membranes and blocked in Tris-buffered saline-0.1% v/v Tween-20 (TBST) containing 5% skim milk (T350 and total AKT-1 antibodies) or 5% BSA (S517 antibody). Blots were then probed with rabbit phospho-specific antibodies directed against AKT-1 T350 22 diluted 1 : 1000 in TBST containing 5% BSA, followed by anti-rabbit horseradish peroxidase-conjugated secondary antibodies (1 : 5000 in TBST containing 5% skim milk). After exposure, secondary antibodies were inactivated with 0.1 N HCl and the membrane was reprobed for total AKT-1 using a 1 : 1 mixture of goat AKT-1 antibodies 128 and 527 diluted 1 : 16 000 in TBST containing 5% skim milk, followed by anti-goat horseradish peroxidase-conjugated secondary antibodies (1 : 5000 in TBST containing 5% skim milk). The antibodies were then stripped from the membrane using a 6 M guanidine hydrochloride solution as described. 50 After blocking again in TBST containing 5% BSA, the membrane was probed for S517 phosphorylation using rabbit phospho-specific antibodies targeting AKT-1 S517 22 diluted 1 : 750 in TBST containing 5% BSA. Secondary antibodies were as described for the T350 site. Sometimes, when sufficient protein was isolated, T350 and S517 phosphorylation were analyzed on different membranes by probing each with phospho-specific antibodies first, and then stripping the membrane as described above and finally probing for total AKT-1.
Phospho-MPK-1 staining. Young adult worms (24 h post-L4 stage) were treated with IR as described above and incubated for 24 h at 251C. Worms were washed from plates with three washes of M9 buffer and the pellet was washed once with 0.01% v/v Tween 20 in M9 and once with ddH 2 O. The supernatant was aspirated save B50 ml and using a pasteur pipette worms were dropped onto slides pre-coated with polylysine. After brief settling, excess liquid was drawn off. Germlines were then dissected from B50 worms using a 25 gage needle in B30 ml PBS. PBS was then replaced with B50 ml of fresh 2% w/v paraformaldehyde and germlines were fixed for 5 min. After fixing, all but B8 ml of paraformaldehyde was removed and slides were overlaid with a glass coverslip and placed on dry ice (on top of a flat metal plate that had been precooled) for 2-3 min. Coverslips were then 'flicked' off and freeze-cracked germlines were post-fixed for 2 min at À 201C in 50 : 50 mixture of methanol/acetone.
To stain, germlines were permeabilized twice for 10 min with 1% v/v Triton X-100 in PBS. Background staining was reduced by incubating in Image-iT FX Signal Enhancer (Invitrogen, Burlington, ON, Canada) for 20 min at room temperature and then slides were blocked in 1% w/v BSA in PBST for 30 min. Phospho-MPK-1 was detected using a-Phospho-p44/42 MAPK (Cell Signaling Technology, Danvers, MA, USA) diluted 1 : 100 in PBST. Slides were washed three times for 15 min each with PBST, stained with a 1 : 500 dilution of Alexa-conjugated goat a-rabbit and/or 1 : 500 Alexa-conjugated goat a-mouse in PBST plus BSA for 1 h, and then washed a further three times, for 15 min each, with PBST. DNA was stained with 1 mg/ml DAPI in PBST for 15 min and after, slides were washed again with PBST. Slides were then mounted in ProLong Gold (Invitrogen) and visualized using standard epifluorescence filters on a Leica DMRA2 system. Pictures were acquired with a Hamamatsu (Bridgewater, NJ, USA) CCD camera and Openlab software (PerkinElmer, Waltham, MA, USA) before processing in Adobe Photoshop and Illustrator. All staining steps were performed at room temperature, unless otherwise noted.
